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ANALYSIS OF PERFORMANCE OF JET ENGINE FROM CHARACTERISTICS OF COMPONENTS
II-INTERACTION OF COMPONENTS AS DETERMINED FROM ENGINE OPERATION

By AHS-FB W. GOLDSTEW-,Smmm -T, WmLrAMBEEDE,and KARLKOPACE

SUMMARY

In order to understand the opemtion i?nd the {interaction

i
o jet-engine components during en~-ne operation and to

eterrnine how component charactmktics may be Wed to
compute engine performance, a method to analyze and to estimate
performance of such engines UMS derised and applied to the
dudy of the characteristti of a research turbojei enga”nekilt for
this investigation. An attempt was made to correlate turbine
performance obtuined from engine experiments uith that
obtained by the minpkr procedure of se arately calibrating the

Jturbine with cold air as a driting $U” in order to irmestigate
the applicability of component calibration. Afkr corrmtion for
blade~ip leakage, the turbine-characteristic cwrre8 of w-@ht
flow and total-pressure ratio checked with the results from
cokkir component calibration. Some discrqmmies in efi-
ciency were noted between the two wts of experiments. D.twp”te
such errors, W%ine<ompres80r interaction may be accuratel

!determined but some error in exhaust pressure may be inrolre .
From analysis o the component calibrations, predictions

!that inrestigatim o the en~”ne m“thout modifications would not
corer an adequate range of turbine pmformance were rerijied by
the engine pmformance. The range of turbine operation was
extended by stidy of the engine uith modijcations to the
com ressor.

+’he system of analysis was also applied to prediction of the
t.ngine and component performance with assumed modijicatiww
of the burner and bearing characteristic:, to prediction of
c,)mponent and e~.ne operation durt”ngengine acceleration, and
to estimates of the performance of the engine and the components
when the exhmmt gas was u~ed to drire a power turbine.

INTRODUCTION

In order to understand better the performance character-
istics of jet-propukion engines, a research unit was designed
and built at the AT.4CA Cle-reIand laboratory under the
direction of Eastman hT. Jacobs. The operation and the
interaction of the components of this unit under all possibIe
engine operating conditions were studied. Prdimbry
studies of the compressor ancl turbine performance mere
first made and reported in references 1 to 4. An anaIysis
of the component clata (reference 4) showed that the con-
straint imposed on the turbine by operation with the com-
pressor in the engine wou.Id limit obtainable data to a -i-cry
smaII portion of the good efficiency range of the turbine.
In fact, the range was expected to be so small that- in view
of the relatively large e.xperimentaI errors expected in the
engine data, no reliabIe indication of the location of the
region for best turbine operation was anticipated. In order
to circumvent this difficulty, two sets of engine experiments
were made. After the initial investigations of the engine

were compIeted, the compre=or stator blades mere reset
for a lower air capacity and the engine was rerun. These
two sets of dat a were sufficient to give a reasonably accurate
picture of the turbine performance o~er the most important
r~~e.

From the characteristics of the components, the opera-
tion of the engine components under alI possibIe modes of
engine operation mm investigated during 1946; the study
incIuded the effect of bearing and burner modifications on
engine performance, operation of the engine and components
du@ acceleration, and operation of the gas turbine and
cora~nents when a power turbine is driven by the jet-
engine e-xhaust. The basis of the analysis, which was
developed for this purpose, is a simuh aneous graphicaI solu-
tion of the equations reIating compressor and turbine speed,
power and gas flo-ir, and the curves expressing the perform-
ance characteristics of compressor, bearingg, burner, and
turbine.

DESCRIPTION OF ENGINE

The compressor component. of the engine (Iig. 1) was an
eight+tage compressor described in reference 1 but modfied
for installation in the engine by repIacing the discharge

_essw-.,,Diffuser. -..Cwnhsh& TurL%e--,
. .chambsr-..

FIGrEE L-N-ACA res.esd jetenghe,

scrolI colIector -with an asial-flovr diffuser containing a row
of straightening bIades. The rear-compressor journal and
tapered-land thrust bearings ancI the turbine journaI bear-
ing were contained in a cone supported by struts from the
outside -rmI1 of the diffuser (fig. 2). A outer shelI boIted
to the compressor casing supported the turbine casing.
Inside this shell, the outer wall of the anmdar combustion
chamber was bohed to the outlet end of the diffuser and was
connected to the turbine casing with an air-tight expam<ion
joint. The diffuser c~=ing and the combustion chamber
with part of the outer vd.1 and the supporting shell removed
is shown in figure 3; some of the 27 individual burners are
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also shown. Both inner and outer w.a?llsof the combustion
chamber were provided with cooling shields designed to
allow air from the compressor to flow between the shields
and the wall. In each burner, the fuel (propane gas) was
sprayed from two bars upstream of a perforated plate,
which extended across the flow area, Ignition tubes con-
nected the combustion zones of the various burners.

The entire compressor, the dHuser, and the bearing
supports were made of alurginum. Turbine rotors, rotor
blades, and the first set of nozzle blades were made of
Nimonic 80, second and third sets of stator blades of Vital-
lium, and remaining portions of the machine, which were
subject h high temperatures, were made of Inconel.

The engine was designed to operahe at a compressor
pressure ratio of 3.36, a gas flow of 4.18 pounds per second,
and a rotor speed of 13,010 rpm for a compressor-inlet
temperature of 440° R and.a compressor-inlet pressure of
739 pounds per square foot.

INSTALLATION AND INSTRUMENTATION

The engine inIet was connected to the laboratory
refrigerated-air supply through a large stagnation chamber
and the engine outlet was connected to the altitude exhaust-
system. The stagnation chamber, the compressor, and the
turbine were completdy lagged. Strfightegem and screens
were installed in the stagnation chamber to give uniform gas
flow at the c0mpre9sor inlet.

Air flow was measured in the inlet .ducting of the engine
with ~ calibrated variable orifice of +1 !&percent accuracy.
Fuel flow was measured with a standard A.S.M.E. thin-
plate orifice.

The location of other instrument stations is shown in
figure 2. Three iron-constantan thermocoupks and two static
pressure taps were located at the compressor inlet (station 1)

Stat.& 1

\

FIGURE2.-Skhem8t1c swtion ofenglrmshowtngmeneurlngstat!ons.

in the stagnation chamber. Inasmuch as the velocity in this
chamber was very Iow, the static pressures and the observed
temperatures were considered to be equivalent to the stagna-
tion conditions. At the compressor outlet (station 2) were
located three total-pressure tubes, three thermocouples, and
two static-prwsure taps. The iron-constantan thermocouples
were equipped with recovery heads. Temperature readings

were accurate to .0.5 percent of t-he diflercntinl from 32° l?.
When the data were averaged, the tot d-pressure readings
were weighted for Iocal mass flow.

FmuRE 3.–Burncm end cmnbustlon~rnbur structure.

At the inleL to the turbine (station 3), sk krmocouplcs
and SLYtotaI-pressure t.ubcs were installed. TIM thermo-
couples used at the turbine inkL were shickkd as shown in
figure 4. This construction shickicd thu thwrnocouplo and
provided ventilation. Conduction of lwaL away from the
juncticmwas reduced by buthing a section of the thermo-
couple tip in flowing hot gases. Bccausc the data obiuinct.1
from these thermocoupks often showw.1 gas-lcn]pml turc
variations as great as 800° 1?at L.hcLurbine inkt., an nvcrrige
of the six temperature readings was noL considered accurate
enough for use in calculating pmformmm. TIM principnl
use of t,hcse thermocouples was to dckrminc LIW engine
operating conditions. ChrcnmJalumel thcrmocoupks were
used at this station and the t.hermocouplcs wcro read withh~
2 percent of the differential from room tcmprmturc.

Air
f/O W ,.~./875-j*.

.-.S%kld ,-+%rnmcxx.p & ti?h

Q

FIGCIW4.—SbIelded-type thormomupk composod ofchromd-alumel thcrmomupk wire and
Inmnol shldd and sheath materinL

At the turbine outlet (station 4), rcadinga of totaI pres-
sures and temperatures were tdicl~ downstream of tho
straightening vanes and between Lho struts supporting the
strermdine tail cone. At thii station, no trmgcntial velocity
component was assumed to exist. Six LOtal-prcssuro tubes
and ti chromel-alumel thermocouples wem used at this
station. Although six of t.hc thmnocouplw htid recovery
heada and three were of the shielded type used in the turbine
ide$ no significant tierenccs in readings of the two Lypce
were noted. Variations in temperature readings Iwtwccn
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various stations indicated a probable error of the mean value
of the exhaust temperature varying from about 2° to 33° F.
This error caused no error in the enthalpy drop in the turbine
M,, equivalent isentropic enthalpy drop in the turbine
AH., J?~,S, equivalent turbine torque lTSAHJ(nu~.#~,J, and
equimdent turbine gas flow ~<n/(~~#6=c$, but did result in a
maximum probabIe error of 1 percent m equivalent turbine
gas flow JJ”J(a~,S&) and equhvdent turbine speed n/l&
and a maximum probable error of 2 percent in equivalent
turbine enthdpy drop @#=,a and turbine efficiency. (~
symbols are defined in the appendix.)

Shaft speed -was measured by an alternating-current gen-
erator buiIt into the compresor. The rotative frequency
was determined by comparison of the output frequency of
the built-in alternator with that of a calibrated variable-
frequency generator. These measurements were accurate
to within 1 percent.

Thermocouples were also inst alIed in the ofi limes and on
the bearings in order to determine the bearing power Iosses
and oil viscosity.

PROCEDURE AND CALCULATIONS

Inaccuracy of the measured turbine-iiet. temperature and
the unlinown heat losses made it impotible to determine
from the inIet- and outIet+y.s temperatures the mechanical-
power input from the gas to the turbine rotor with the desired
accuracy. This power ~as computed by adding the power
output of the compressor to the gas and the power absorbed
by the bearings.

The bearing-power consumption were determined from
the heat absorbed by the lubricating oil. The front com-
pressor bearing had a separate oiI supply from the remainder
of the bearing system, which consisted of rear compressor
and turbine bearings contained between the compressor
and the turbine. In order to reduce the heat-transfer error
to a minimum dde the bearing power was calibrated, the
irdet-air temperature was matched with the mean oiI tem-
perature while the front-bearing power consumption of the
compressor was measured over a range of speeds. In cali-
brating the rear-bearing system, the compresscn=cmtIet-air
temperature was matched with the mean oiI temperature
for the system. The rear bearing was then calibrated over
a range of engine air preesures in order to vary the thrust
but no effect of load on the thrust bearing could be found.
When the bearing-power conaumptiona were reduced to
equivalent vahwa for a mean oiI temperature of 100° F, both
sets of bemings showed a power absorption mactIy propor-
tional to the square of the speed.

The range of conditions for operation and study of the
engine was limited by seved factors. Simulated high-
rdt.itude operation had to be avoided because of the faihu-e
of the burners to operate satisfactorily with low pressure.
There were two Imitations on the temperature of the intake
air: (1) Inasmuch as the compressor -was made of ahnninum,
the Wet-air temperature was so limited that the compressor-
outIet-air temperrtture did not exceed 300° F because of the
reduction in the yield stress of this metaI above 300° F;
and (2) because investigation of the performtmce over a

tide mmge of the ratio of turbine-inlet-gas temperature to
compressor-inle~air temperature Tz/Tl was desirabIe, very
cdd inlet air had to be used to explore engine operation at
high values of this parameter without exceeding the maximum
safe metal temperature of the turbine. Periodic checks
during the course of the experiments reveaIed that no creep
of the wheeI had taken place after 76 hours of engine opera-
tion at or beIow a gas temperature of 1250° F. The turbine
rotar bladw rubbed on the casing at the concision of a
4-hour period of operation at 1350° F with speeds varying -
km 110 to 215 rps. Subsequent measurements showed
that the first rotor had stretched 0.067 inch and the second
rotor, which was about 150° F cooler, stretched 0.005 inch.
The radkd str= at the bIade roots was estimated to be
16,000 pounds per square inch. For this stress, static-
stress data on ATimonic 80 showed that the critical metal
temperature m-is in the region of 1200° to 1250° F. Succeed-
ing operating gas temperatures were consequently limited to
1250° F and no further dficulties were noted.

Engine data were obtained over n variabIe range of the

equivalent compressor speed n~~lfl~ and the equivalent
temperature ratio f3~J9~,I
where
n rotative speed of engine, (rps)
6 ratio of square of sonic apeed of gas to square of sonic

speed for normml air
Subscript T denotes stagnation condition. NumericaI sub-
smipts indicate conditions at stations shown in figure 2.
Because the measured turbine-inlet temperatures were not
considered exact enough for eomput ation of 6T,&,Ij these
temperat- -ivere computed from the turbine-outIet tern- “”
peratures and from the bearing and “mmpressor power.
Operating conditions of the engine mere approximately set
for desired vaIues of t9rms/flT,,from the readings of the
turbine-irdet thermocoupks by using

8pa_7aR,TTa T,a
~—YIRITT,l-~

where
R gas constant, (ft-poundal)(lb) (“R))
~ ratio of specific heats
The ratio T=.3/T~.l was set at VSIUSS from 4.43 to values
for fueI input of zero. Corrected compressor speeds varied
from 90 to 290 rps.

The enthalpy rise of the air in the compressor was deter-
mined from the stagnation idet- and outIet-air temperatures
and the t.abIes of reference 5. The isentropic enthrdpy
rise -was computed from the stagnation pressures PTJ and
pr,i and the same tabks. For the turbine, the enthaIpy of
the exhaust gas was determined from the exhaust tempera-
ture T=,4, the fueI-air ratio j, and the charts of reference 6.
The enthalpy drop in the turbine was then determined from
the equation

~,(1 +3 (~.a–~T.~ = ~-,(~~~–~~,,) +P.
where
H enthalpy, (ft-poundal/lb)
P. power absorbed by bearings, (ft-poundal/see)
W, mass flow through compr=sor, (Ib/see]
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This computation with measured vahms for j and p~,~ com-
pletely established the state of the gas at station 3. The
isentropic enthalpy drop through the turbine was then
computed from HT,8, f, pT,8,p2’,d,and the charts of reference 6.

In reference 4, the range of turbine operation obtainable
from engine experiments was predicted to be insufficient for
accurate determination of efficiency contcmrs and location of
region of highest efficiency. This prediction was verified by
the results on the engine. The range of turbine operation
WEWthen extended by resetting the stator blades of the com-
pressor for a lower air flow and the experiments were then
repeated. Only one resetting of the compressor stator
blades was necessmy to cover a sufllcient range of turbine
operation.

PERFORMANCE OF COMPONENTS

From the engine experiments, the performance of the com-
pressor, the combustion chamber, and the turbine com-
ponents were separr&Jy evaluated. Curves faked through
them data were then used h mmluate the engine performance
and to examine the interaction of the engine components.

COblPRESSORPERFORMANCE

If a small Reynolds number effect is assumed, the com-
plete compressor performance is determined by any two
independent parameters, provided all paramct ers are di-
mensionless or are given in equivalent values. lf the inde-

pendent variables choseu ara the equivalent speed n/l@~
and the equivalent air weight flow H’J(cT,l ~~), these
variables determine the dependent parameters AHJ&,l and
AHJ8TJ
where
AH,,, isentropic rise in stagnation enthalpy, (f&pounclal/l?J)
AH, stagnation enthalpy rise of air in compressor, H~,z—

H,,,, (ft-poundal/Ib)
The compressor efficiency is the ratio of these two parameters.
The pressure ratio ~=,a/pT,l is a function only of the equiva-
lent isentropic enthaIpy rise AH,, J9~,l and the temperature
rutio is a function only of the equivalent entludpy rise
A.H,/6r,l. In order to obtain good fairing of the compr=sor
data, functions of the four fundamental paranmtem just
described were used instead of the original parameters.
These parameters were constructed to reduce the dependence
of the remdtant functions on compressor speed. With the
parameters AH,,.jnz and AHJn2 as ordinate and abscissa,
c.urvea were faired through the data for constant speeds and
not only the data for one particular speecl but also the data
for other speeds were considered. A systematic effect of
inlet-air temperature was noticeable. A plot, of data selected
for mean compressor-air temperature equal to the room tem-
perature showed much better correlation, which indicates the
effect of heat lost to the room air. The resdtant plot is
shown in figure 5. ‘1’he straight hnes are contours of con-
stant efficiency. The discontinuity, which may be seen in
all curves, indicates the incidence of compressor surge. The
portion of the curves in the region of low efficiency represents

operation in a region that is normally tho surge region &
though no ffuctuation in comprcssor4utIct-air prcsuro wns
noticed during operation of the engine.
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An additional chart is requirwl to cxprms Llw rulation lJc-
tween the compressor air flow and the other compmssor prr-
formancc variables. This chart is a plot of pressure ratio
PT,s/PT,I %@M the air-flow pwwmciw 1i ‘,n/(a~,#=,i) for con-
stant values of the equivuhm t comprmsor sprwl n/ ~~1, m
shown in figure 6. Only the clatti used in figure 5 (mean
compmssor air tempera t,urc equal to room lcmpww [me) arc
plotted on this chart. When any uncmttiint.y exisLwl us 10

the fairing of the curves, the dutti for several of the sprds
were pIotted on a chart that showd liltk spwd cffccL
(AH,,Jn’ and ~~~(~T,ln) as coordinahw with conlours for
constant speeds n/&Ji ‘Ilus, Lhc data alIoivcd scvurnl
speeds to be considered in fairhg a curve for any one sprcd.
The region beyond the surge line fur each curve in figure 6
is shown connected with thu normal opmai ing por[ ion by a
dashed line indicating the abwmcc of tiny data for thut sccliun
of the curve.

8 +...
W,n

Ati - fh w pomme +er, =, Ib,kecz

FIGCRE6.-Seleeted mmp~r.~ [0 and air-flow dats,
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T~RBIxE pEEFcIR>l~\~

For correlation of the turbine performance, the corrected
turbine gas flow was pIot ted with the equivalent. iseutropic
entlmlpy drop. No effect of speed -m.s observed; a definite
grouping of the data, however, took place accord@ to the
t urbine-inIet temperature. This grouping is shown in
figgre i where the data for turbine-inlet temperatures of
190°, 500°, and 1250° F are pIot ted. The curve for an inlet
temperature of 190° F, shown for comparison, was obttiined
from the data of reference 4, which reports the turbine
performance obtained from calibrating the turbine com-
ponent aIone by the use of air at 190° F. The gas flow at
lMO” F is from 6 to 17 percent higher than the gas flow for the
same pressure ratio at 190° F and was believed to be caused
by variation in the Ieakage flow through the bIade-tip
ciearance space, which changed with gas temperature. In
order to account for this discrepancy, a very crucle method
was used to estimate the leakage. .%ccording to reference 7,
the Ieakage flow may be estimated by assuming twice the
mass flow per unit mea in the clearance space as for the rest of
the annular area of the turbine. If a linear variation of the
temperature of the wheel and the blades -rarying from 200° F
at the center of the wheel to the turbine-inlet stagnation gas
temperature at the tips of the blades and a casing tempera-
t ure equal to turbine-inlet st agnat ion gas temperature are
~=~ed, fie clearance HOW space could be computed for

each temperature. The wheel runs cooIer than the inwdated
case and as a resuIt of the metal expansion, the clearance d
expand with increasing temperature. When the gas-flow
data were corrected for clearance variations from measurecl
-dues of H; to values of ~~’, which correspond to operation
at a turbine-inlet temperature of 190° F, the data showed no
variation of gas flow for tempemture, rotatire speed of the
turbine, or indicated whether the data were obtained from
mgine- or turbine<omponent experiments (&u. 8). MI
turbine-performance parameters for -which the symbols are
primed have thus been corrected for the effect of Ieakage.
The enthalpy drop is corrected by assuming that no work was
obtained from the Ieak~@e air.

In order to obtain compIete correlation of the turbine per-
formance, an additiomd chart presenting corrected work
output at constant -dues of equivalent speed is requirecl.

Because of the inabiht.y to measure accurately the turbine-
inlet temperature, the turbine equivalent speed could not be
accurately set at preassigned dues during engine operation
and turbine data. ccndd not be directIy plotted for constunt-
equiwdent speeds. An auxiliary chart was therefore pre-
pared by plotting curws of ~“3’JH,.,/(nu=.~8,.s) against
~~~’~~(u,,~d=,s) for co~tant =~ed du- of “n/%’&,&

——

These curves were directly obtained from the faked curve
of figure t? (b), -Aich showed no speed effect and which
was considered to have perfect correlation. The efficiency
contours as indicated by the data were then drawn and the
corrected work output was determined from the isentropic
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work and efficiency ~aIues. A typica~ curve of corrected
eqtiwdent entldpy drop against the equivalent isentropic
enthalpy drop for an equi-wdent speed of 135 rps is shown by
the solid cur~e in tlgure 9. Also shown are data obtained for
equivalent turbine speeds between 130 and 140 rps. There””
are two sets of engine data shown: one set from the engine
with the originaI settings of the compressor blades that cor-
respond to the performance curves in fi=mes 5 and 6; and
the second blade settings, -which -were mereIy used to explore
a laxger operational range of the turbine. The importance
of this procedure maybe seen from figure 9, which shows that
the data obtainable with the origintd blade sctt.mgs are
insufficient. to give rdialde efficiency curves because of the
short r~me and the experiment aI errors.

-f
3

, ios
n

i-
O Engi~ &h, 1250” 1?
+ EFqine u&u, 5~ 0 ~ o
A Tvbine -component &fc?,—

1~ 0 F (reference 4)
+

A
+

()

4 5 8 7

3’IQOBX7.—EquIvrdent kentropicmthahwdropand BS flow tbrou@ turbhe ~Ith wfo~s
w tempei-otums



172 REPORT 928—NATIONAL ADVISORY COMHE FOR AERONAUTICS

1.0% foe

Q

o Enghs da)%, /250 “ F
+ E5gine Ma, LXX?o F

0 E~ine c&i% - all speeds.
n Twbhe -componen* da% -

.9 - A Turbine -wmp~i dot a,
KV 01’ (reference 4)

01/ speeds (.referenoe 4) CL .

.8 A L u

g

i!
i w

t
>

& .7 -. a

J

o

:2

f “6

&

.{
‘-t

Q .5

u
“~
~

c

&

t
.4

$

ii

/
+)

J

~

.3 + 0 n
~ +

a

o 0
-.,

i.

.2
o~

o 0 0

OF
-1-

0
., ( a]

f%
(b]

3 4 5 6 7 3 4 5 6 7

(s) Corredions UPPIM to date. of Egura 7. (b) Datu fcf au tmnpomtw’a and SpWls.

FIGURE8.—EquivaIent fsentroplc rmthe.lpy drop and gag flow though turbine arrrwtcrl for cleare.ncecxpmslon.

Also shown on the charts for comparison are the ress.dts
obtained from the turbine-component experiments (refer-
ence 4). The discrepancies shown are unaccounted for,
In some cases agreement is good, but where there is disagree-
ment the data obtained in the engine experiments show a

more rapid variation of cdlkiency with variation in enthalpy

drop. The compIete plot of t urbino prrformtincc is shown
in @ure 10. A speed for maximum efficiency is 155 rps,
which is closer to the design value of 136 rps than wm the
indicated optimum speed (180 rps) measured with cold air
(reference 4). One possible reason for the shift in speed at
maximum efficiency is the heat 10ss from the gas at high

*
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temperatures of operation. With heat 10S through the
wheel as vwll as to the casing, the voh.unetric expansion of
the gas after passing through the fit turbine stage would
be less than when the engine was run with cold air. Con-
sequently, the Second-sta=n gas velocities would be decreased
and lower wheel speeds would be required for optimum opera-
tion of the second stage. This explanation does not account
for the 10CS.Iefficiency matimum in the region of an equivalent
speed of 85 rps.

lo’

Ewtmf- r entfarpy d-cp, +)+. ft -pw_dai/lb

EIGtmE9.—Ideel and actual work ontput of turbine M equkdentturbine speeds betrmen
130snd MOms. MM ame faked fcw135rra.

Because of this effect of heat transfer on efficiency, char-
acteristics obtained with hot gas are desirable if turbine-
component eqeriments are considered necessary.

This shift in efficiency will probably be very much smaller
for a single-stage turbine than for a multistage turbine be-
cause the vohunetric change caused by heat loss primarily
affects operation of second or later stages.

It vW be obvious from subsequent analysis that with a
turbine, which operates choked or nearly so in the first- st age,
accurate estimates may be made of compressor operation in
the engine from component data wren if the turbine efficien-
cies are in error, provided that accurate mass-flow char-
acteristics of the turbine are amdable.

CO.MBUSTIOX CHAMBER

The other si=ficant component of the engine is the com-
bustion chamber. T-ivo variables depending on combustion-
chamber performance are needed to determine the over-aU
engine performance, the pressure rat io #T,a/pT,z, and the
combustion-chamber eficiency T.

Pressure loBs.—The combustion-chamber pressure loss
consists of two components: (1j the friction loss, vrhich is
independent. of the burning process, and (2) the momentum

FROM CWifMCWERISTTCS OF COMPONZEW9
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pressure 10SS, which depends on tie o-rer-alI temperature
ratio TT,s/ TT,j of the combustion chamber. An analysis of
these losses based on an idealized form of the combustion
chamber is made in reference 8. The data obtained could
not be correlated on the basis of this analysis. Aside from
possible inaccuracies of the data, another probable cause of
the discrepancy is indicated by the fact that some of the
data showed lower pre=ure loss -ivith increased combustion
rates for comparable air flows. This anomaly is impossible
with the assumption of a tubuIar combustion chamber of uni-
form flow area, as is indicated in reference 8. In this engine,
the combustion-chamber flow area expanded and the flow dif-
fused between the compressor and the combustion zone and,
to some extent, in the combustion zone. The introduction
of a resistance, such as a screen at the outIet of a difluser,
increases the efficiency of the chfluser (reference 9). Com-
bustion in the chamber of the engine acts as a resistance to
the flow in a manner SimiIar to a screen with a greater pres-
sure drop in the combustion region of the higher Iocal veloci-
ties. ‘i15th such an effect, the data coild not be satisfactorily
correlated on a simple basis, and for the analysis, the assump-
tion was made that the empirical relation

pz.~-pT~=~.~66~ ~ (ib/sq ft)

could be used, where P is the gas density in pounds per cubic
foot. This constant was obtained from the data and -jielded
-dues that show extreme wiriations of 2.5 percent in abso-
lute pressure at the turbine inlet. For the highest gas flow, -
the mean detiation of the absolute pressure is only 0.8
percent.

Combustion efficiency.-Combustion efficiency was com-
puted from the equation

(H.3–H.=) +f(HTa–HJ

‘=~
where

f fuel-air ratio
h heating -due of fuel, (ft-pound@lb)
Hf enthalpy of incoming fuel, (ft-poundalflb)
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This defition of T is equivalent to the ratio of the effective
heating vahe of the fuel in increasing the enthalpy of the
mixture to the actual heating value, According to an un-
published analysis conducted at the NACA C1eveland labo-
ratory, it should be possible to obtain a correlation of the
combustion efficiency with other combustion-chamber vari-
ables by a relation of the form

log (~~/~) =a–b/T~,8

where the quantities a and b are only functions of the vari-
able H7/~~ Such a correlation was” attempted with the
data available by grouping data of nearly equal values of
W~p,,JpT,~ where ““P8: h“ standard a~.mospheric pressure.
This plot shows excellent correlation of the data from T~a
of 64(3° 1? to the maximum temperature of engine operation

(fig. 1.1). A critical value of the parameter 11’~w
exists at approximately 3.6 pounds per second, below which
there is a sharp drop in combustion efficiency. Because

WI= decreases with” increasing’ altitude;” a critical
altitude of the engine will occur above -ivhic.hthe combustion
efficiency of the burner will drop off quite rapidly. During
operation of an engine with a burner having such c.hmacter-
istics, no change in the internal aerodynamics of the engine
would be noted; the engine would merely require more fuel
to operate at the desired speed and temperature.

Vfi

~..
. .

Rei-IpUCWI of cornbudicm iem,,rafwe. & w&

FIQURE Il.-Combustion pwformsnca of burner.

INTERACTION OF ENGINE COMPONENTS

STEADY-STATEJET-ENGINEOFERATTON

For determination of the operation of the compressor-
turbine combination in a jet engine, the relations between
the compressor and turbine parameters must be used. When
no external leakage is assumwi, the weight flow through the
compressor plus the fuel added is equaI to the weight flow
through the turbine. Therefore

wl=~ W8

Because the use of weight flow through the turbine corrected
for clearance expansion is desirable, a clearance correction

F~(T~J), which is a function of the Lurbine twnprwuturc, is
employed so that,TIT istheweighL flow corrcc’tcd for ckw-
ancc flow and W~=Fc(T=,a) TT2’ is the act un] wcigl}t flow
through the turbine. The resultant equation in terms of
correctd parameters is

This equation is more complete thun the corrwponding ono
given in reference 4 because of the inrlusion of the tempwa-
ture correction for leakago variation. The compre!!wr-oudcL
condition9 are used to eorrclatc comprmaor nir flow lmmusc
the compressor-outlet pressure is ncnrly equal to that a [ the
turbine inlet. The usual equivalent air-flow pnrtun@cr is
multiplied by the equivalent speed to obtain the produc L

‘)’2PT2 .crT,#T,2== m the gas-state correction fticlm, thus cOimi-
..-.

nriting the temperature, which would cause a large d i[I’mrncc
between the compressor and turbine air-flow pimmwicrs.
These air-flow parameters for the comprwsor an~l the lurhino
are simple combinations of the usurd oquiwdcnt vmird ha,
which are used to correlate compressor and f,urbinc daln
with only small variations of performance in hums of this
parameter over a wide range of gas pressures and tcmpwa-
tures. In the engine, the use of varialdes such as this vnria-
ble largely eliminates the effects of altitude, mm, or mmzlc
set ting on compressor or turbine pcrfornlamu! in terms of
equivalent variables. Factors tlmt were ncglcctcd arc 111o
tiect of ohangw in Reynolds number and heat loss on engine
performance. In equation (l), the correction term in brark-
ets is near unity.

The turbine-power output is thsorhwi by compressor,
bearings, and other accessories. Bccausc cnthal py chn ngc
is the energy input per pound of gm,

W,AH,+P.=n2AHt

where Pa is the power absorbed by tht’ bmrings rmd the
accwsorks. In terms of corrected oquivalw~L pmnmctcm,

(2)

The torque was used rather than 1111!poww in order to avoid
directly involving the temperature. ‘f’lw correction Wrms
in brackets introduce a smfill discrepmnry bctwuen ihe com-
pressor mrd turbine parameters, which have (he dimwsion
of torque. The function F~(T~,.J is a correction Mm for
torque as affcwted by clearance c..punsion at. wwious turhinu
temperatures. Thus if the primo indicahs tJN! vnluc cor-
rected to some standard rlcarance, tho actual turhino-torque
parametac is

(3)
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In order to evaluate the correction terms, the operating
conditions of the engine must be known. Because the effect
of these terms is slight., the engine operating conditions need
be known only approximately. The engine operation may
first be estimated, assuming no corrections, and then the
correction terms e-ialuated. The process maybe repeat cd if
desired after the engine operating conditions have been
determined with meater accuracv.

“W,AH..
Because the torque parameter ~C~20=, M nearly equal to

Jr*’AH/ Tr,n
ngT@T~

and the ti-ilow parameter — is nesrly equrd
@,&.g

to II’*’?2’
—J the compressor and turbine characteristics are
UT#.TJ

plotted in terms of these variables w-ith constant-speed con-
tours. The comprwsor chart is shown in figure 12. The
portions of the curves detached from and to the left of the
nearly straight sections represent the region of low air flow
and low efficiency, normally in a region of lower air flow than
the surge line. A plot of the same -m.riablea for the turbine
with efficiency contours included is shown in figure 10.

The approximate simultaneous operation of both the com-
pressor and the turbine is obtained by superimposing the
compressor and turbine charts (tlgs. 10 and 12). Any one
point on the compounded chart represents an operatirg
stat e for both the compressor and the turbine when they
me coupled together in the engine. This point. has associated
with it an equivalent compressor speed n/ ~~ and an
equivalent turbine speed nll~. Because the compressor
ancl turbine speeds are equal, the ratio of the equivalent
speeds is the square root of the corrected temperature ratio:

(4)

It is thus po=ible to estabIish Lines of constant equivalent
temperature ratio on the compound chart. Any compressor-
and turbine-performance mriable ma-j- then be determined
as a funct ion of the compressor equi~alent speed and the
engine equivalent temperature ratio.

In order to correct this estimate of engine performance for
changes in gas properties, bearing power, Ieakage Iosses, and
combustion~hamber pressure losses, the altitude of opera-
tion is assumed, and the correction terms in equations (1)
and (2) are evaluated by means of the apprmimate correc-
t ion factors obtained and by making use of the burner
characteristics and other auxihary curves. These correc-
tions applied to the compressor curves give approximate
turbine operating conditions required to d.rke the engine
and the resulting curves may be superimposed on the turbine
performance charts as were the original uncorrected com-

b i
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Ftcmm IZ.-Comprrssor perhmmee h parametemforengtnewmputstbus.

presswr curves. The process may be repeated if desired for
~dditional accuracy. A set of compressor curves with the
corrections introduced and then superimposed on the
turbine characteristics is shown in iigure 13. The correc-
tionsused are based on an Met-air temperature TT,l of 480° R ““
md an inlet-air pressure PT,l of 1414 pounds per square
root. The heavy line is the surge line. The high-speed
xmge of the compressor is in the region of decreasing tur-
iine efllciency and cIose to optimum efficiency. A reduc.
Lionin bearing torque would lower these curves to the center
]f the high-e&iency region.
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stagnation temperature and messure, 4S0”R and 1114ponn& w squete fwt, rwspecIireIy.
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If the turbine air flow is accurately known as a function of
the prwsure ratio (or equivalent isentropic enthdpy drop),
it is cIear that on this figure the turbine curves will shift
vertically. Becauw of the large elope of these curves, the
intersections with the compressor curves wiLI be very Iittle
aflected by such an efficiency error and no effect would be
observed for choking of the turbine, inasmuch as this condi-
tion remdte in vertical turbine curvw. Turbine pressure
ratio and therefore exhaust pressure ratio would be atlected
by such an error. Experimental results of the turbine per-
formance obtained with the cold-air investigation of the
turbine component show excelIent correlation of air-flow
characteristics and alight variations of efficiency. Hcuice,
the results of cold-air turbine-component experimen~ may
be used to predict accurately compressor operation in the
engine but alight errors in jet-power estimates would result
from the use of such data.

The lines of constant corrected engine temperature ratio
obtained from equation (4) are shown in @m-e 14. At Iow
speeds, the highest temperature ratio that may be used
without surging the compressor is 3.0. The ratio of 4.0 h~
only one useabIe compressor speed of those pIot ted, whereas
tlm ratio of 4.5 is entirely in the surge region for aU com-
pressor speeds.
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FIrItxtE lL–Turbine opcrathrg cond[tlrm at ~arkms temperature ration In engine. Corn-
pmsor-inletetagnatfontemp3ruture snd pre.mrre, 4W’ R and1414pounds per square foot,
rcapectfvely.

Operation of the compressor under these various condi-
tions is shown more cIearly m figure 15 where the pressure
ratio is plotted against the air-flow parameter ~ln/(ar,#~ z)
used in matching the compressor and turbine characteristics.
Lines of constant comprceeor speed and compressor effi-
ciency are also shown. Engine operating conditions beyond
surge are not shown although the engine was operated in
this condition as shown by the extension of severs-l of the
compressor speed lines beyond the region of peak pressure

ratio. Surge Imitation for temperature ratios of 3.5 and 4,0
are cleady shown.

YhPr C&rax%d

A> - flow pcrmzehr, *, fb@ec ‘

FIGCBE 15.-Campmwc+ opwatIng mndItIons at mrfous tempwatum ratlm In engfno.
Compmssdnlat at@atImr temporahre and pr&suro, 4W R and 1414polmdn ~r square
foot, respectively.

The operation of the engine at air flows Iowcr thm for
peak compressor pressure rat io in WM is normally the surge
region was not accompanied by the usual pressuro fluctua-
tions. In varying the operation of the engine from this surgo
region to the normal operating rmgo, the gm-ilow prmunc[m
used in the matching chart changes by the usual small incre-
ments. This parameter, however, use9 the comlmstion-
chamber pressure to correct the weighL flow. Tho discon-
tinuous jump in pressure ratio thercforo corresponds to a
jump in the weight flow corrcIatecl on the basis of the inlet
pressure. For fixed engine-inlet con~liLions, [ho actual (un-
corrected) air flow through L.hcengino will tdso change dia-
continuoudy. This phenomenon is illustrated in figuro It?,
-which shows actual data for compressor speeds of 214 and
245 rps. The discontinuous increase in nir flow at 214 rps
is 40 percent whereas at 245 rps d~c imxwase is 50 pcrccnt.
In both cases the combust.ion-charnbcr voIumc flow chmqyd
very little. This jump wiH bo rcflcctcd in engine thrust
when passing through the surge region.

Equivale+ a+ fkq * ;b/w

FIGUtE 16.-VerlatIon of mmp~r prmsara rutIo with Inlet Sow.
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From this technique for computing engine operation,
where the turbine characteristic curves are vertical, indicating
turbine choking, the eompreasor performance in the engine
may be accurately predicted independent of errors in the
turbine efficiency. The exhaust-pressure ratio is, however,
dependent on the turbine efficiency.

Over-all corrected static thrust and speci6c thrust of the
e@ne were computed from the matching-chart data, mith
the assumption that there were no losses in the intake or the
jet nozde. The resultant performance curves, including
operation at dl possible ram presmr= and jet-nozzle sizes,
are shown in figure 17, which aIso shows contours of constant
compressor speed and constant temperature ratio and the
compressor surge Iine. For operation at a fixed speed,
increase of the temperature ratios beyond the limit shown
by the surge line causes a sharp drop in thrust and specific
thrust. At a temperature ratio of 3, a thrust of 678 pounds
can be obtained for a specitlc thrust of 1.06 pounds thrust
per pound fuel per hour and a compressor speed of 290 rps.
The maximum operating temperature ratio that can be used
at 290 rps tithout surge is 4, at which condition the engine
thrust is 965 pounds and the specific thrust 0.84 pound
thrust per pound fuel per hour. The compressor e&~ency
did not begin to fall off at 290 rps so that engine thrust and
specitic thrust ccdd probably be improved by operating at
speeda higher than 290 rps in the I@-tempmature and high-
thrust range.
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uuuwatureend meesnre, 480”R end 1414pmmde per eqnwe foot, mpectivel.y.

ESfTMATEDEFFECTOF ENGINEMODIFICATIONS

The en=tie data viere next apphd to the prediction of
engine performance with assumed improvaents in the com-
ponents. The burner used in the engine had a peak combus-
tion efficiency of 87 percent. Burners now available show a
peak combustion efficiency of 95 percent and a friction co-

etlicient about 40 percent of that of the burner employed in
this engine. A burner with these characteristics was assumed
to be installed in the engine. Another modification visa the
assumed installation of a set of low-friction bearings instead
of the journal bearings used in the qeriments. The tur-
bine matching ch@ for operation at various engine tem-
perature ratios computed on &is basis for an inlet tempera-
ture of 480” R and an inlet pressure of 1414 pounds per
square foot- is shown in figure 18. The essential change is

K
t

“m
$ 3.0 _@
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WI Cmrq

Fmrn lK—Estfmeted torbfne IWMormgnoaat vedwu temperature mtfm in en@Oe with
smumed modttlcatIens. Come-t etegnatfon temperato.re and pmssnm, 4KP Et
d 1414ponnds per sqonre fwtr -I*.

the reduction in turbine torque required ta operate the
engine at wwious speeds. Operating conditions for desirabk
high speeds are now lovrered into the region of perk turbine
efficiency. The improvement of the bearings is therefore
of speciaI signifmmce in this case because it not only SI1OWS
more power for the jet but also causes the turbine to operate
with higher efllciency. The point at the temperature ratio
of 3.5 and a turbine speed n/l~ of 155 rps corresponding
to a compressor speed n/A~ of 290 rps is in the region of
peak turbine efficiency. The compressor operating condi-
tions are only slightly ihanged, as shown in figure 19. The

FmRLZ lQ.+OLUPCeSOr wrfcmmnce at verfoos tempaamm ratfm fn tulmJet engfne vftb
essumed modlthtions. Compmssm-fnkt etegnatIon temperature mzd ~, W R
snd MM LWUJMSw wnsre foot, respectimlg.
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point for a temperature ratio of 3.5 and compressor speed of
290 rps is also in the region of peak compressor elliciency.
The confluence of the peak compressor- and turbine-efficiency
regions shows thab tlwe components are perfectly matched.
The resultant performance of the modified engine is shown
in figure 20. The peak specific thrust in this case is
1.24 pounds thrust per pound fueI per hour. A compariam of
figures 20 and 17 shows thah for a speed of 290 rps and a
temperature ratio of 3.0, the thrust has been increased about
5 percent from 678 to 715 pounds, whereas the specific thrust
has been increased 15 percent from 1.06 to 1.22 pounds thrust
per pound fuel per hour. At a temperature ratio of 4.o and
a compressor speed n/& of 290 rps, the thrust has been
increased 9 percent from 905 to 1050 pounds, whereas the
specific thrust has been increased 21 percent from 0.84 to
1.02 pounds thrust per pound fuel per hour.
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The point at which both the compressor and the turbine
are operated at their best e.fficiertcy (at a temperature ratio
of 3.5 and an equivalent speed of 290 rps) is not the region
of best engine efficiency because of decreasing jet efficiency
with increasing jet velocities. There wilI, however, be a
flight speed at which the best engine efficiency aimultane-
ousIy occurs with this optimum matching condition.

The engine performance estimates for both the unmodi-
fied engine and the engine with modifications are somewhat
optimistic because the effect of inlet-diffuser and jet-nozzle
losses were not taken into account. A reduction of about
4 to 5 percent in thrust and specific thrust would be the right
order of magnitude of the correction. Also omitted from
the estimate was the power consumption of the oil and fuel
pumps that would normaIIy be added to the bearing
power consumption when COmputing engine performance.
Although the absolute mabmitudes of the performance
parameters computed are somewhat optimistic, the eflect
of engine changes on the improvement of performance is
conservative. In the case of the analysis that takes into
account the power required for accessories, the reduction in

torque would take place at a higher torque lCVC1where tho
turbine efficiency varied more rapiflIy than near tbe rcgiut]
of maximum turbine efficiency.

Un~er some conditions, improvement in compmwn Ii
might not be reflected in the improvement of ovur-alI engine
performance. For example, if an engine with poor bearings
is operating at a torque lower than tho torque for maximum
turbine efficiency, the reduction of torque rrquirrmcnts by
improving the be~rings would lower tho turbine cfiicirncy.
Under such circumstances, the owr-aII pmformtmcc of ihc
engine might show no change resulting from imprrmmcnt
of the bearings.

ACCELERATION OF TUULIOJETENGINE

h order to observe the interaction of tho engine compo-
nents during accekration, an estimato of the cngino mommtt
of inertia and the torque required for acceleration at 111Pralo
of 6.50 rps per second was made, This torquo of 38.1 pound-
feet was incorporated into the bearing-power corrccl ion
term Pa/nUr,lO~,I of equation (2). From the form of
this equation, tho effect of this torquo on engine opcrn[ ion
is seen to increase inverseIy with the alt itudc prwsum;
acceleration ia therefore more clifficulL nL alt it udc conditions
than at sea level. A condition of sea-level prc~urc was
assumed for the computation. Tho operation of the com-

pressor is shown for the condition of ftcccIcrat ion in figure 21,
which shows a slight displamrncnt from tho compressor-
surge region when compared with the operri[ ing cond i[ion
with no acceleration. For a fixed opcwding temperature,
the acceleration state is equivalent to opining the propulsion
nozzle or reducing the back pressure on Lhc iurhinc in order
to obtain the increased turbine pmvcr required for rwcclrrtt-
tion. Hence, if the turbine flow is nol choked, (hc airflow

-d increaseand the back presaum on the compressor will
be so Iowered that the compressor opmating-cortdi tion ratio
fo~ engine acceleration will be chq.iaccd from surge loward
the region of lower temperature ratio when conqmrcd with
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the steady-state operating condition. For a choked turbine,
the compressor operatirg condition will be the same for
acceleration and for steady state with the same comprwor
speed and engine temperature ratio. In this case, the
cleterminat ion of whether the compressor will operate in
the Iow-efficiency region beyond the surge line when increas-
ing the fueI input for acceIerat ion is a simple matter of
~~aminat ion of the new temperat~atio point at the com-
pressor speed for the start of acceleration. Less exhaust-
nozzIe pressure will be available than in the steady~t at e
case for a given speed and acceleration temperature ratio.
This fact is shown in figure 22 in which the over-all engine
total-pressure ratio for ~arious engine speeds and tempera-
ture ratios are shown under the conditions that a torque of
38.1 pound-feet is accelerating the engine. The turbine
pressure ratio fl increase because of the higher turbine
power required for acceleration.
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OPERATIONASHOT-GASGZNERATOR FOE POWER TUREIhZ

The compressor-turbinecombination may be regarded

as a machine for generating hot gas at a higher pressure
than initially avaiIabIe. In the case of the jet engine,
this gas is used to propel the airplane by this reaction.
Another possible application is the use of this gas for
driving a power turbine, which operates independently of
the rest of the engine. The operation of such an
engine was analpwd by assuming that. the exhaust. of the
turbojet engine was used to drive a power turbine, -which
expanded the gas to a stagnation pressure eqmd to that

at the compressor inlet. The pressure ratio of the gas

generatorwas firstplottedas a functionof the mrtssflow

correctedfor the gas state at the turbine outlet. The

pressure ratio was converted to equivalent isentropic ‘-

enthalpy &op correctedforgas stateat the gas-generator

outlet. Contoura of constant correctedcompressor speed

and constant.temperature ratio are shown in ftgure23.

On the basis of such coordinates,turbine performance is

independent of speed, as shown in figure8. ~ turbine

characteristicwas computed on this assumption with a
critical air flow and preesure ratio, which corresponds in
figure 23 to an engine temperature ratio of 4.0 and an
equivalent compre~or speed of 290 rps. The flow through
the fit nozzle ring was assumed to be critical at a lower
pressure ratio than any other set of blades of the power
turbine, m“th the resultant isentropic enthalpy drop md
flow characteristic as shown in figure 23. This curve is
merely hypothetical and serves in the absence of a specific
power turbine with known characteristics. &TormaLly, each
power turbine-speed characteristic would be -worked separate-
ly and the efficiency would be known at each point of the
curve. The intersection of this curve with the gas-generator
characteristic gives for each compressor speed a fl~ed
temperature ratio 8~,J8=.1, gas HOW lT/(rr,}l~), and
power output on the assumption of a power turbine efficiency
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of 0.87. The results of these computations are plotted in
figure 24, which shows that the po~ver turbine can develop
1800 horsepower (32,2 X 10° fbpoundal/see) with a specific
fuel consumption of 0.56 pound fueI per horsepower-hour at
an equivalent compressor speed of 290 rps and a temperature
ratio of 4.o for the gas generator.

FIQURE24.–Over-ail performance chamcterietlc+ of gas turbine.

The ineffectiveness of the engine at Iow speeda is shown
by the fact that &t a speed of 180 rps, which is 62 percent of
the fuII speed, the power developed is only 3 percent of full
power, This condition indicates difficulty in starting the
engine but engine power increases rapidly with fuel input for
temperature ratios more than 2.3. A slight decrease in
specific fuel consumption from the vahles in figure 24 will be
attained from tk exhaust jet power because the pressure
ratio of the nozzle is equal to the rampre88ure ratio. inas-
much as the speed of the power turbine did not en~er into
the solution of this probIem, the method of soIution is always
applicable for gas turbines whether or not the power turbine
is connc.eted with a gas-generator shaft, provided that the
gas-flow pressure-ratio characteristics are independent of
operating speed. If the turbine speed does influence the gas
flow, the engine characteristics may be evaluated for each

speed of the power turbine in the same manner as the
example.

The operfition of the compressor in t]) is gas turbinu is
shown in figure 25 by the operating curve of LIMcornprcssor.
The operating curve approaches the surge line of the cmn-
pressor at the highesL speed, so thaL the pmformtmw curves
of the gas turbine wiII show a dccrcasc in rnginc power and
efficiency as the speed and the tcmpcrnturo ratio inrrcaso
over approximate] y 300 rps and appro.ximat cIy 4.2, rc-
spectiveIy. There is no mwms in this case for obtuining
higher output. from the power turbine; however, addit ionaI
engine power might be obtained at higher mginr speeds and
temperature ratio by bleeding some of thu gns~cnwwhm
discharge gas for application in a power jet or by rcdesiguing
the power turbine for a higher flow capwity.

d
. .
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SUMMARY OF RESULTS

The principal results of the expminwntal study of opera-
tion and interaction of tho component8 of the tllrbojcL mginc
and the influence of tho components on over-all engine
performance are summarized as follomx

1. The one-dimensional theory of eoml)~lstion-(:l~~tnl)rr
loss was inadequate to correlate the datti obtained ill the
burner of the engine. This inadequacy was prohaldy duo
to fie simultaneous difhsion and burning in ihc comi.m[ion
chamber of the engine.

2. The method of correlating combustion efficiency of [ho
burner was adequate because the vari~bks used corrclu ted
the data to curves thtit foIIowcd the expected trcn~I in the
practicaI range of combustion kunperuturcs.

3. After corrections vwrc made for tip I~akrigc, tho gm-
flow pre8sure-ratio characteristics of the t,urbino old nincd
from ccdd-air component runs could be checked wi111 [he
results obttiiucd from the turbojet engine.

4. As predicted from the compmmnt h’st wilf~ cohl nk, the
range of t urbinc characteristics obtainalJc from turbojet.
engine e.xperimcnts was insufficient to establish the turlJinv-
eilicienij characteristics or to iu(licatc how the turbine
operating conditions fit into these characteristics. Re-
setting of the compressor stator Madcs sat Lsffirlwily cWcndrd
the range.
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5. The efficiency contom obtained horn engine data
differed slightIy from those obtained from component data.
AIthough the peak eficiency in each case reached the same
maximum value, in the component experiments this mmi-
mum occurred at a speed of approximately 1S0 rps, -iihereas
in the engine e.speriments this maximum occurred at a speed
of 155 rps.

6. Estimates of engine performance viith realizable irn-
prcmeruents in the bearings and the burners showed that. im-
pro~edmat thing of the compresorand turbine high-efficiency
regions was at taintibIe chieffy because of reduced bearing
torque. The engine modifications resulted in improvements
in engine performance of 5 and 15 percent in equkdent
thrust and specific thrust, respectively, at 290 rps and tem-
perature ratio of 3.0. At an equivalent speed of 290 rps
and a temperature ratio of 4.0, the improvements were 9
and 21 percent in equivalent thrust and specific thrust,
respectively. In some engines, irnpro~ement in component
performance may possibIy impair the matching of the com-
ponents and result in no gain in over-a.U engine performance.

7. For engine rwceIeration, the operation points of the
compressor for a flwd speed and temperature ratio were
chtinged very little from steady-state operation but the
turbine pressure rat io increased and the exhaust pressure
ratio decreased from wdues for steady-state engine
operation.

S. If the exhaust gases from the turbojet engine are used
to drive a power turbine, a unit can be designed that will
de~elop 1800 horsepower with a specific fuel consumption
of 0.56 pound fuel per horsepower-hour at an equivalent
compressor speed of 290 rps and a temperature ratio of 4.0
for the gas generator. Eigher speeds and temperature
ratios would result in a reduction of engine power and effi-
ciency because of the low compresor efficiency for operation
in the region of lower flow beyond the surge line.

CONCLUSIONS

The foIlowing generalIy did conclusions can be drawn
brn this engine study:

1. A method of analysis has been developed for applicat ion
to jet engines and gas-turbine engines, which clearIy shows
the operation of the compressor and turbine components
under all conditions of engine operation and permits the
estimation of the effect on engtie performance of modi6ca-
tions in the performance characteristics of the engine
components.

2. Approximate estimates of engine performance can be
made from component calibration of the compressor and
the turbine utilizing cold air. The accuracy of prediction
of the gas-flow pressure-ratio characteristic with hot gas
from cold-air calibration is quite good if proper clearance-
flow corrections are made. If the tuxbine operates choked
or nearIy choked, the operation of the compre=or in the
engine may then be accurately predicted, but. the vaIue of
the exhaust pressure ratio fl reflect any inaccuracy in the
turbine efficiency.

3. CompIete ewduation of the turbine characteristics may
not always be possibIe from experiments of the compIete
engine end elaboration of the experimental procedure may
be necessary to extend the range of turbine operation.

4. The incidence of cornpre~or surge during engine ac-
celeration may be determincxl in the case of choked turbine
flow from the operation point of the compressor for constant
speed at the same temperature ratio and speed as for the
beginning of acceleration. If the turbine is not choked,
this criterion will be safe because the compre=or in accelera-
tion will operate at a condition slightly more removed from
the surge line.

FLIGHT PROPUKIOS RESEARCH LABORATORY,
~17ATION-~LADV-ISORYCOMMITTEEFOR AERONAUTICS,

CLEVEUND, OHIO, ~une 9,1948.



APPENDIX

SYMBOLS

The following symbols am used in this report:-..-.
clearance correction factor for turbine torque (or

moment)
clearance correction factor for gas mass flow
fuel-air ratio
enth.lpy, fkpoundalflb
enthalpy of incoming fuel, ft-poundaI/lb
heating value of fuel, ft.poundal/lb
rotative speed of engine, rps
auxiliary power consumption such as bearing

loss, f t-poundal/sec
gas pressure., lb/sq ft
gas constant, ft-pounckd/(lb) (“R)
gas temperature, ‘R
mass flow of gin., lb/see
mass flow of gas through turbine corrected for

turbine-blade-tip lealiagc, lb/see
ratio of specific heats of gas, cP/c,
stagnation entl.dpy rise of air in compressor,

HT,2–HT,I, ft-poundalflb
stagnation entha]py drop of gas in power turbine,

ft-poundalflb
iseutropic rise in stagnation enthalpy of gas in

compressor, ft-poundaI/lb
isentropic drop in stagnation enthalpy of gas in

turbine, f~poundal/lb
stagnation enthalpy drop of gas in ~urbine, ft-

poundal/lb
stagnation ent,halpy drop of gas in turbine cor-

rected for t.urbinc-bIade-tip leakage, ft-
poundalflb

combustion efficiency
ratio of square of sonic speed of gas to square of

sonic speed for normal air
182

P gas density, Ib/cu ft
ratio of gas density to

&bscripts:
o free-stream
1 compressor inlet
2 compressor mltIeL
3 turbine inlet
4 turbine outlet
d standard air
T stagnation or totaI

nornd air (Irmity, p/p,t
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